The recent synthesis of the superconductor LaFeAsO 0.89 F 0.11 with transition temperature T c < 26 K (refs 1-4) has been quickly followed by reports of even higher transition temperatures in related compounds: 41 K in CeFeAsO 0.84 F 0.16 (ref. 5), 43 K in SmFeAsO 0.9 F 0.1 (ref. 6), and 52 K in NdFeAsO 0.89 F 0.11 and PrFeAsO 0.89 F 0.11 (refs 7, 8). These discoveries have generated much interest 9, 10 in the mechanisms and manifestations of unconventional superconductivity in the family of doped quaternary layered oxypnictides LnOTMPn (Ln: La, Pr, Ce, Sm; TM: Mn, Fe, Co, Ni; Pn: P, As), because many features of these materials set them apart from other known superconductors. Here we report resistance measurements of LaFeAsO 0.89 F 0.11 at high magnetic fields, up to 45 T, that show a remarkable enhancement of the upper critical field B c2 compared to values expected from the slopes dB c2 /dT < 2 T K 21 near T c , particularly at low temperatures where the deduced B c2 (0) < 63-65 T exceeds the paramagnetic limit. We argue that oxypnictides represent a new class of highfield superconductors with B c2 values surpassing those of Nb 3 Sn, MgB 2 and the Chevrel phases, and perhaps exceeding the 100 T magnetic field benchmark of the high-T c copper oxides.
The recent synthesis of the superconductor LaFeAsO 0.89 F 0.11 with transition temperature T c < 26 K (refs 1-4) has been quickly followed by reports of even higher transition temperatures in related compounds: 41 K in CeFeAsO 0.84 F 0. 16 (ref. 5) , 43 K in SmFeAsO 0.9 F 0.1 (ref. 6 ), and 52 K in NdFeAsO 0.89 F 0.11 and PrFeAsO 0.89 F 0.11 (refs 7, 8) . These discoveries have generated much interest 9, 10 in the mechanisms and manifestations of unconventional superconductivity in the family of doped quaternary layered oxypnictides LnOTMPn (Ln: La, Pr, Ce, Sm; TM: Mn, Fe, Co, Ni; Pn: P, As), because many features of these materials set them apart from other known superconductors. Here we report resistance measurements of LaFeAsO 0.89 F 0.11 at high magnetic fields, up to 45 T, that show a remarkable enhancement of the upper critical field B c2 compared to values expected from the slopes dB c2 /dT < 2 T K 21 near T c , particularly at low temperatures where the deduced B c2 (0) < 63-65 T exceeds the paramagnetic limit. We argue that oxypnictides represent a new class of highfield superconductors with B c2 values surpassing those of Nb 3 Sn, MgB 2 and the Chevrel phases, and perhaps exceeding the 100 T magnetic field benchmark of the high-T c copper oxides.
The continuing search for new superconductors has recently yielded a new family of oxypnictides composed of alternating LaO 12x F x and FeAs layers [1] [2] [3] [4] with T c values of 25-28 K, which can be raised to 40-43 K by replacing La with Ce (ref. 5) or Sm (ref. 6) or to 52 K by replacing La with Nd and Pr (refs 7, 8) . Several experiments and band structure calculations suggest unconventional superconductivity in the paramagnetic Fe layer. First, ab initio calculations indicate that superconductivity originates from the d orbitals of what would normally be expected to be pair-breaking magnetic Fe ions, suggesting that new non-phonon pairing mechanisms are responsible for the high-T c superconducting state 11, 12 . Second, F-doped LaFeAsO is a semimetal, which exhibits strong antiferromagnetic fluctuations and a possible spin density wave instability around 150 K in the parent undoped LaFeAsO (refs 5, [13] [14] [15] [16] [17] . And last, superconductivity may emerge on several disconnected pieces of the Fermi surface 11, 12, 18, 19 , thus exhibiting the multi-gap pairing that has recently attracted so much attention in MgB 2 (ref. 20) .
Given the importance of magnetic correlations in the doped oxypnictides, transport measurements at very high magnetic fields are vital to probe the mechanisms of superconductivity. Indeed, first measurements of the upper critical magnetic field B c2 (T) have yielded a slope B 0 c2 5 dB c2 /dT < 2 T K 21 near T c , for both La-and Sm-based oxypnictides [2] [3] [4] [5] [6] . From the conventional one-band WerthamerHelfand-Hohenberg (WHH) theory 21 4 . A sample ,3 3 1 3 0.5 mm 3 was used for our four-probe transport measurements in the 45 T hybrid magnet at the National High Magnetic Field Laboratory, supplemented by low-field measurements in a 9 T superconducting magnet. Our low-field data agree well with earlier data taken at ORNL on the same sample 4 , indicating its good temporal and atmospheric stability. The 45 T hybrid magnet was swept only from 11.5 T to 45 T owing to the static 11.5 T background field generated by the outer superconducting coil of the magnet combination, while lower fields were swept from 0 T to 9 T in a Physical Property Measurement System (PPMS) superconducting magnet with parameters shown in Fig. 1 legend.
The results of our high-field measurements of the sample resistance as a function of magnetic field strength, R(B), are shown in Fig. 1 . The broad R(B) transitions are not surprising because the sample consists of misoriented anisotropic crystalline grains. Given the predicted resistivity ratio C 5 r c /r ab < 10-15 for this layered compound 11 , the local
should vary strongly, depending on the angle h between the c-axis in the grain and the applied field. Thus, we can identify two characteristic fields: the high-field onset B max of the superconducting transition, and the zero-resistance, low-field onset B min , as illustrated by Fig. 1 . The in-field transitions are shown in Fig. 1a for B perpendicular to the broad 1-mm-wide face of the sample, and in Fig. 1b for B applied parallel to the same face (in both cases, transport current was always perpendicular to B). Differences in the R(B) curves of ing us to classify LaFeAsO 0.89 F 0.11 as an 'intermediate-T c ' superconductor. We estimate B m based on a theory of vortex fluctuations in moderately anisotropic superconductors 24 (see Supplementary Information), which shows that B c2 (T) and B m (T) at T , 0.5T c differ only by ,20%. Therefore, we conclude that the temperature dependence of the resistive transition field B min (T) at T , 0.5T c reflects the behaviour of B \ c2 (T) rather than that of the melting field B m (T). As is evident from Fig. 2 , B \ c2 (T) exhibits a significant upward curvature, which is much less pronounced for B E c2 (T). Because this behaviour is similar to that observed in dirty MgB 2 films 22 , we suggest, in agreement with the ab initio calculations 11, 12 , that superconductivity in LaFeAsO 0.89 F 0.11 results from two bands: a nearly twodimensional electron band with high in-plane diffusivity D 1 and a more isotropic heavy hole band with smaller diffusivity D 2 . The upward curvature of B c2 (T) is then controlled by the ratio g 5 D 2 / D 1 : for g = 1, the upward curvature is pronounced, while for g < 1, B c2 (T) exhibits a more traditional WHH-like behaviour 21 . For fields along the a-b plane, the parameter g should be replaced with
1/2 , allowing strong anisotropy D However, this theory also shows that the fit remains nearly as good, even if we assume that intraband pairing is significant, l 11 l 22 . l 12 l 21 , with all coupling constants being of the same order of magnitude. Thus, our experimental data do not yet enable us to unambiguously distinguish between different pairing scenarios suggested in the literature, but they do indicate a significant difference in the effective masses in the electron and hole bands. For Bjjab, we rescaled the parameter g R gC 1/2 < 0.31, taking the estimate C 5 r c /r ab < 15 suggested in ref. 11, which describes B E c2 (T) well, as is also evident from Fig. 2 . Therefore the two-gap scenario is qualitatively consistent with our experimental data.
The newly discovered LaFeAsO 0.89 F 0.11 exhibits exceptionally high B c2 , and this obviously non-optimized material has been quickly synthesized in bulk form showing zero resistance above 35 T at 2.5 K. Moreover, given the high dB c2 /dT values of 2-3 T K 21 , which have also been observed in the Sm-based (T c 5 43 K; ref. 6) and Pr-or Nd-based oxypnictides (T c 5 52 K), it seems reasonable to expect B E c2 (T) and B \ c2 (T) values 1.5-2 times higher than LaFeAsO 0.89 F 0.11 , which puts B E c2 (0) above 100 T. Thus doped oxypnictides appear as a new family of high-field superconductors, for which extensive pulsed-field measurements in the 100 T range will be required to fully reveal the novel physics of competing superconducting and magnetic orders. It is tempting to think that they may also have great importance for high-field applications.
